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The cyclic behavior toward a second exposure of ionizing 
radiation during the early stages of recovery from radiation damage 
is an established response for mammalian systems. A lack of information, 
however, has prevented a correlation between the state of cell pop­
ulations in the animal at the time of the second irradiation and the 
acute mortality response of the animal. In the present study, 
deoxyribonucleic acid behavior in the spleens of irradiated mice 
was investigated, and the results compared with the acute mortality 
response for animals of the same strain.
Following a whole-body exposure of 400 r cobalt-60 gamma 
radiation, there was an early and pronounced inhibition of DNA synthesis 
in the spleen. This inhibition persisted until 12-13 hours post­
irradiation, at which time recovery of DNA snythesis began. An 
examination of the literature and results presented in the current 
study showed 12 hours post-irradiation to be a time of maximal sensi­
tivity to a second irradiation for the mice employed. The finding of 
resumption of DNA synthesis in the spleen at the time of maximal 
sensitivity of the animal population supports the notion that late 
G1 - early S is a period of high radiosensitivity for cells, an 
effect which has been previously proposed for in vitro cellular 
systems.
Investigation of prelabeled ENA in the spleen following 
irradiation revealed a rapid loss of label as compared to a gradual 
decrease for unirradiated control spleens, but the specific activity 
of the DNA for the irradiated spleens remained unchanged from the un­
irradiated control specific activity. The findings of the present 
study show a close correlation between the potential for survival 
of the DNA synthesizing cells in the spleens of mice and the survival 
of the animals.
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INTRODUCTION
Since Roentgen discovered X-rays in 1895, there has been 
active interest in the interaction of radiation with matter. Much of 
the early studies were devoted to the response of living organisms to 
this agent. It was soon realized that radiation has a detrimental 
effect on tissues; and, indeed, many of the principles describing 
this phenomenon were established within a score of years following 
its discovery (l-7).
A subsequent application of radiation was treatment of neo-
plastic diseases. From this utilization, an important characteristic 
of the response of living organisms was discovered; radiation damage 
is potentially reparable. This was established by radiotherapists who 
observed than regression of tumors occurred even after exposure to 
relatively high doses of the lethal agent. Soon after the clinical 
observations on radiation repair were made, animal experiments 
appeared with increasing frequency in the literature. A commonly 
employed method for quantitating recovery from radiation injury was 
the "paired-dose" technique, in which animals (or other systems) 
receive an initial sub-lethal exposure to radiation which is followed 
at varying time intervals by a second, or challenging, dose. Residual 
injury is estimated by comparing the responses of controls that 
received "paired-doses" with the response of controls that received
2single exposures. For animals, the difference of the LD 50/301 of the 
control population and the LD 50/30 of the experimental population 
yields an index of injury, in terns of the radiation delivered, as 
a function of the repair period.
Hagen and Simmons (8), Paterson et al. (9), and Blair (10) have 
reported the amount of injury remaining following exposure to radiation 
to he a decreasing exponential function of the time between doses.
Blair has suggested that injury be described as being composed of two 
parts: l) reparable and 2) irreparable. The reparable injury is 
assumed to be maximum at time 0 following irradiation, and is realized 
through the exponential decrease in injury. The irreparable injury is 
time independent and possibly reflects an irreversible decrease in the 
rate of recovery (ll). Spalding et al. (12) have reported the amount 
of injury never repaired to be approximately 5 percent of the initial 
dose, and the repair half-time to be seven days.
With few exceptions, the earliest time used in studying radiation 
repair has been one day post-irradiation. Mole (13) investigated the 
mortality response of mice to a second exposure during the first 24 
hour period post-irradiation, and did not find a simple exponential 
pattern during this time interval. He observed an increase in 
sensitivity until a maximum was reached, and then an exponential 
decrease. He postulated that radiation produces toxic substances 
which are subsequently detoxified, or that the intermediate stages 
of repair are more sensitive to a second exposure than the initial 
and final stages.
^LD 50/30: that dose which causes 50 percent mortality in 30 days.
3In several, searching studies to characterize repair, ElMnd and 
co-workers (14-16) demonstrated that after an initial dose of X-rays 
cultured mammalian cells exhibited a cyclic sensitivity to a second 
exposure; i.e., immediately after irradiation, a period of decreased 
sensitivity occurred (recovery), which was followed by a period of 
increased sensitivity, which was in turn followed by a second period 
of recovery. These experiments were so designed that the kinetics of 
repair reflected actual recovery and not post-irradiation division. 
Cells of human malignancy (HeLa) and rodent (Chinese hamster) origin 
were used and qualitatively similar results were obtained; it was 
postulated, therefore, that the demonstrated recovery was general for 
mammalian systems.
A repair curve resembling that observed by Elkind has been 
reported by Till and McCulloch (1 7) for transplanted bone marrow cell 
colony formation in the spleens of mice. These investigators suggested 
that the last phase of cellular recuperation was due to proliferation 
resulting from the removal of a radiation-induced division delay.
Elkind's concept was extended to the intact animal by the work 
of Kallman (18), who found maxima and minima in the repair curves for 
several strains of mice. The universality of the cyclic behavior was 
further pointed out in Kallman's paper, ■where correlations were de­
monstrated between such diverse systems as Chinese hamster cells 
grown in vitro and mouse spontaneous mammary tumors. Results obtained 
from studies on the radiosensitivity of the various phases of the 
mitotic cycle prompted Kallman to propose a mechanism based on the 
partial synchronization of cell populations by radiation.
That synchronous cells do exhibit recurring radiosensitivity as
kth e y  proceed through the process of division has been demonstrated in 
the work of Terasima and Tolmach (19-21). These workers achieved 
synchrony in HeLa S3 cells by selectively choosing cells in mitosis 
or by treatment with 5-fluorodeoxyuridine or deoxyadenosine. By 
irradiating cells in the various phases of the mitotic cycle and 
observing colony formation within ten days, they obtained survival 
curves strikingly similar to the "paired-dose" repair curves.. By 
this method, the radiosensitivities relative to the G1 period were 
observed to be:
early G1 - 1.00 
late G1 - early S - 1.80 
G2 - 1.13 
M - 2.57
where G1 is the post-mitotic growth period preceeding deoxyribonucleic 
acid (DNA) synthesis (S), and G2 is the pre-mitotic growth period 
following S. It is clear that mitosis (m) is the most sensitive of cell 
phases, but it is quite interesting that a highly radiosensitive state 
(late G1 - early S) is found in the interphase period. There is no ready 
explanation for this finding; but, since the metabolic activity of cells 
is maintained for long periods after irradiation, the greater killing 
effect at this time is probably associated with the initiation of D M  
synthesis and damage to the genetic apparatus (22,23).
As shown by Whitmore et al. (24), in vitro cell populations which 
have been irradiated are delayed in their division in the G2 period.
Cells in other phases proceed through the division cycle at normal, or 
almost normal, rates until the block is encountered. The duration of 
the division delay is a function of the dose delivered and the position
5of the cells in the mitotic cycle (20,25); i.e., those cells in G2 at 
the time of irradiation will have the longest delay at a given dose with 
the time of delay decreasing with distance from the G2 period; therefore, 
those cells in early G1 will have the shortest delay of all. After 
removal of the G2 block, the cells will move in a synchronous fashion 
through mitosis.
Using the in vitro data of Terasima and Tolmach, and Whitmore 
et al., as a biological basis, Kallman proposed that the cyclic 
sensitivity to a second exposure of radiation, observed for both 
in vitro and in vivo systems, was due to l) synchronization of cellular 
populations by the initial exposure and 2) the subsequent varying 
sensitivity as the cells proceed through the division cycle.
The following model was proposed:
1. Following the initial dose of radiation, there is a 
campartmental shift with viable cells being concentrated in 
the radioresistant phases, G1 and G2. This is a result of 
the greater killing effect for those cells in late G1 - 
early S and mitosis and the movement of cells into G2 from
S, possibly at an enhanced rate (18,26). In this state,
the cell populations would be more resistant to a second dose 
than a random population and, hence, the initial recovery.
2. Those cells in G1 would proceed at approximately the normal 
rate until the G2 block is reached, while those cells in
G2 would remain stationary. Under these conditions the 
cells would remain resistant to a second irradiation.
3. Upon removal of the block, the cells would move in a 
synchronous manner through mitosis at which time they would
6be maximally sensitized to another irradiation; thus, 
an explanation is given for the reversal phase of the 
recovery curve.
4. If the conditioning dose is large enough to destroy many 
of the cells in G2 as well, the surviving cells will 
represent a population which is mostly in Gl. As these 
viable cells pass uninhibited through late Gl - early S, 
they would be expected to show an initial period of 
sensitivity. This would result in a slight digression 
from the repair curve usually observed and there is 
evidence for the occurrence of this event (l8).
The preceeding model sufficies to explain available in vitro 
data, but disregards certain aspects of in vivo cellular responses.
In contrast to cultured cells, rapidly proliferating cell populations 
of the irradiated animal show an early and pronounced decrease in DNA 
synthesis through a Gl block (27). This effect is common to all 
tissues where cell division occurs but is most evident where growth 
is rapid. Following removal of the blocking agent, resumption of DNA 
synthesis occurs and invariably results in a compensatory "overshoot" 
above nomal levels. This action indicates a partial synchronization 
of the cellular systems and gives some common ground for the comparison 
of in vivo and in vitro systems. DNA synthesis in vivo, however, 
appears to be under humoral control (28,29), and the extensive loss 
of cells from animal tissues following irradiation further increases 
the disparity of the two systems since cultured cells would not 
suffer this consequence (27).
7Presentation of Problem
The cyclic behavior toward a second irradiation in the early 
stages of repair is an established response for mammalian systems; 
and Kallman's proposed mechanism, based on the repeating radio­
sensitivity of synchronous cell populations, has merit. A lack of 
information, however, prevents an exact correlation between the state 
of cell populations in "radiosensitive" tissues at the time of 
exposure and the response of the animal to the radiation. For this 
reason, a series of studies were undertaken on DNA behavior in the 
spleens of mice following irradiation, and the results were compared 
with data on radiation mortality for animals of the same strain.
DNA was chosen because it is generally conceded to be the genetic 
material of the cell (30), and, as such, would be expected to 
reflect the general condition and potential of cell viability. The 
spleen was selected because it is "radiosensitive" tissue and it 
plays an important role in the hematopoietic (31) and immunological 
(32) systems of the animal.
The methods used in approaching this problem have been l) an 
investigation of DNA synthesis and 2) a study on the behavior of pre­
labeled DNA. Both approaches would be expected to give insight into 
the events happening in the spleen following irradiation.
METHODS AMD MATERIALS
Housing and Care of Animals
Male mice of the C57BL strain were used throughout these studies. 
The animals were procured at 5-8 weeks of age from the Roscoe B.
Jackson Memorial Laboratory, Bar Harbor, Maine, and were used no 
sooner than 48 hours and no later than a week after their arrival.
They were housed in groups of ten in plastic cages with bedding of 
wood shavings and sawdust. Mouse chow and water were available 
ad. lib. At no time before or during the course of an experiment 
did an animal die of natural causes or show signs of disease.
Irradiations
Irradiations were performed with a Picker C 10000 tele-cobalt 
therapy unit. This machine houses a 6000 curie source of cobalt-60 
which delivers a dose rate of 4-2.5 roentgens (r) per minute at a 
source-animal distance of 132 centimeters. The beam has a half- 
value layer of 12.8 mm of lead. The doses were measured with a 
Victoreen r meter. During irradiation the animals were confined in 
a lucite chamber so constructed that they were always in a field 
of electron equilibrium. The chamber was perforated to prevent anoxia, 
and it was positioned such that the animals were within the 100$ 
isodose surface.
Deoxyribonucleic Acid Synthesis
DNA synthesis was followed by uptake of tritiated thymidine,
9which has been shown to be a specific substrate of DNA (33,34). The 
tritiated thymidine, labeled on the 5-methyl carbon, was purchased as 
a sterile solution from the New England Nuclear Corp., Boston, Mass., 
with a specific activity of 6000 millicuries/millimole. After receipt 
of a shipment, the radioactive material was refrigerated at 4°C and 
diluted to a specific activity of 20 jac/ml with sterile water before 
use. In order to label DNA being synthesized in the spleen during 
the course of an experiment, each animal received an intraperitoneal 
injection of 10 ^ .c (0.5 ml volume) one hour prior to sacrifice by 
cervical dislocation. A one-hour incorporation period was chosen 
because available evidence indicated this time interval was sufficient 
for complete uptake of radioactive thymidine (35). The experimental 
times reported in these studies correspond to the times of sacrifice. 
Immediately after sacrifice, the animals were opened and the spleens 
removed ui toto and quick-frozen in a dry ice-alcohol mixture. The 
length of time necessary to perform this complete operation on one 
animal ranged from 30 to 45 seconds. The excised spleens were kept 
frozen at -20°C until extraction of the DNA.
Retention of Prelabeled DNA
Retention of prelabeled DNA in the spleens of irradiated and 
non-irradiated animals was followed by giving each animal an 
intraperitoneal injection of tritiated thymidine three hours before 
irradiation, sham-irradiation for controls, or sacrifice in the 
case of controls for day 0. Retained DNA was determined by sacrificing 
groups of animals on days 1, 3, 5, and 7 post-irradiation and studying 
the excised spleens.
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Extraction of DNA
A modification of the method described by Schneider (36) was 
used for isolating DNA from the tissues. It was thought that since 
thymidine is specifically incorporated into DNA, there should be only 
two radioactive fractions in the tissues: l) the cold acid-soluble 
fraction containing unincorporated thymidine and thymidine derivatives, 
and 2) the hot acid-soluble fraction containing labeled DNA. If this 
is true, the lipid extraction of Schneider's method could be 
eliminated from the procedure. An experiment was conducted to decide 
the point in question, and indeed, no difference was found between the 
radioactivities, or the DNA contents, of those tissues which underwent 
lipid extraction and those which did not. Details of this experiment 
are found in appendix I.
Since it was found that exclusion of the lipid extraction did 
not affect the final determination of DNA., the procedure used in 
these studies was as follows:
The entire spleen was placed in a glass hamogenizer with 3 ml 
of cold 10 percent trichloroacetic acid (TCA) and homogenized with a 
motor-driven teflon pestle. Following this, the precipitate was 
washed three times with 2 ml of cold 10 percent TCA. The complete 
operation, including centrifugation, was conducted at b°C. The DNA 
was removed from the precipitate by adding 3*0 ml of 10 percent TCA 
and heating at 96°C for 15 minutes. The extract was separated from 
the precipitate by centrifugation and the supernatant liquid collected. 
This procedure was repeated using 2.0 ml of 10 percent TCA and heating 
for 5 minutes. The centrates were pooled and the TCA counter-extracted 
by shaking three times with an equal volume of diethyl ether.
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The DNA extracts were stored at -20°C until determination of 
the radioactivity and DNA content of each isolate.
Counting of Radioactivity
Radioactivity was measured by windowless gas-flow, proportional 
techniques. A Nuclear Chicago D-^7 detector and model 186 scaler were 
used for this purpose. A 10 percent methane - 90 percent argon 
mixture (Nuclear Chicago) served as the proportional gas. The samples 
were prepared for counting by drying a 1.0 ml aliquot on an aluminum 
planchet with a diameter of 31 m®* Because of the low energy of the 
tritium beta radiation, it is inevitable that some of the emissions 
from this isotope will be absorbed by the radioactive material itself. 
Therefore, it was necessary to correct for this self-absorption 
before correct counting rates for the samples could be determined. 
Fortunately, a relation exists between the degree of self-absorption 
and the weight of a sample. By adding known amounts of a non-radio­
active material to a standard radioactive sample and observing the 
resulting decrease in counting rate, the relation was found to be 
described by an equation of the form,
2y a ax +bx + c,
where x is the weight of the sample in milligrams and y is the 
correction factor for self-absorption (see appendix II). The self- 
absorption correction required the weighing of each planchet before 
and after the sample was prepared. The difference of the weights 
represented the absorbing mass. A Mettler H-15 analytical balance 
with a precision of + 0.1 milligrams was used for all weighings.
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At least 1000 net counts were taken for each sample; the 
counting rate for non-irradiated controls was always in excess of 
500 counts per minute. Each counting rate was corrected for back­
ground contribution before it was used in any calculations.
Determination of DNA Content
The DNA content of each isolate was determined by the diphenyl- 
amine method of Dische (37). The reagent was prepared as follows:
1.5 grams of diphenylamine (Baker, reagent grade) was dissolved 
in 100 ml of glacial acetic acid. To this was added 1.5 ml of 
concentrated sulfuric acid.
Customarily, the DNA solution was diluted 1:2 with distilled water to 
obtain the desired concentration. This dilution was taken into 
consideration when the total DNA content was calculated. 1.0 ml of 
the diluted solution was added to 2.0 ml of the diphenylamine reagent 
and placed in the dark at room temperature for 18-24 hours. The 
color developed was dark blue with an absorption maximum at 595 nip* 
The DNA content of all samples was determined in duplicate. Standard 
samples of salmon sperm DNA (sodium salt, Calif. Corp. for Biochem. 
Res., A grade) with a concentration range of 50-250 pg/ml were 
carried with each series of determinations. The contents of the 
unlmowns usually fell within this range. The relation between the 
optical density and the DNA content of the standards was linear.
A Beckman DU spectophotometer was used for all optical density 
measurements. Further details of the methodology for determining 
DNA concentration are given in appendix III.
RESULTS
Representation of Results
The information collected on individual spleens is expressed 
as l) the total activity of the DNA isolate in terms of counts per 
minute, 2) the specific activity in terms of counts per minute per 
milligram of DNA, and 3) the DNA content in milligrams. Each 
experimental point represents the mean of 5“10 observations. Results 
obtained from irradiated animals are compared to controls by use 
of the activity ratio, which is the ratio of the experimental 
activity to the control activity.
Wherever possible, the tools of statistics were applied to 
assist in the interpretation of the data. The standard error of 
the activity ratio is used as an index of the uncertainty of data 
(appendix V). Tests derived from snail sampling theory and statistical 
decision theory were employed to discern significant differences 
between experimental points (appendix VI). Analytical methods of 
fitting curves to data, as opposed to the "free-hand" method, gave 
additional precision to the final results (appendix IV).
Since more than 300 animals were used, the performance of the 
basic calculations and the subsequent statistical analyses became 
quite involved. By using a digital computer, the time required for 
processing the data was enormously reduced. The computer methods 
are described in appendices IV-VII. Of particular importance is the 
specific activities program described in appendix VII.
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The Effect of Radiation on DNA Synthesis in the Spleen
The solid curve of figure 1 illustrates the effect of a 400 r 
whole-body exposure on DNA synthesis in the spleens of mice over a 48 
hour interval. The uptake of tritiated thymidine dropped precipitously 
at 4 hours and remained low through 12 hours, only to rise again from 
12 hours until the experiment was terminated. It would appear that 
DNA synthesis resumed at 12-13 hours following irradiation. The 
lowest value in the curve was at 4 hours, Where the rate of 
incorporation was J . 6  percent of control level. By 48 hours, DNA 
synthesis had recovered to 61.5 percent of the normal rate. The 
results of this study are presented in table I.
The Effect of Radiation on DNA Content of the Spleen
Table II contains the results of the effect of 400 r whole- 
body radiation on the DNA content of the spleen over the 48 hour course 
of the experiment. By 4 hours, there had been a noticeable, but not 
extensive, loss of DNA. The decrease continued until 24 hours, where 
the amount of DNA present was 34.5 percent of unirradiated control.
The lowest value observed was 33.3 percent at 48 hours, but the DNA 
content at this time was not significantly different from the value 
at 24 hours.
Retention of Prelabeled DNA Total Activity in the Spleen Following 
Irradiation
Figure 2 compares the elution of prelabeled, radioactive DNA 
from the spleens of irradiated and non-irradiated animals over a 
seven day period. The loss of DNA following a 400 r whole-body
15
Figure 1: The ordinate of the tritiated thymidine uptake 
curve (solid curve) is in units of specific 
activity adjusted to percent unirradiated control, 
while the ordinate of the lethality (Kallman) and 
the hone marrow (Till and McCulloch) curves is in 
units of percent of initial dose remaining 
at the time of the second dose. The vertical 
lines of the tritiated thymidine uptake curve 
represent the standard errors.
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TABLE I
DNA SYNTHESIS IN THE SPLEEN FOLLOWING IRRADIATION
TIME (hours) ACTIVITY RATIO STANDARD ERROR
b 0.076 0.033
8 O.O83 0.039
12 0.091 0.039
20 0.212 0.079
2 k O.3IH O.lMf
kQ 0.615 0.255
Table I: The specific activity of the DNA at various
experimental times is compared to the 
unirradiated control specific activity. 
These results are presented graphically 
in figure 1.
DNA CONTENT OF THE SPLEEN FOLLOWING IRRADIATION
TABLE II
TIME (hours) PERCENT STANDARD ERROR
4 88.9 11.2
8 68.1 12.2
12 46.1 5-2
20 41.3 8.0
24 3^-5 8.8
k8 33-3 9.4
Table II: The DNA content of the irradiated spleens at
an experimental time is given as the percent 
of unirradiated control.
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exposure (dashed curve) is quite pronounced by the first day and 
continues through the fifth day, where it reaches a plateau around 
3.O-3.5 percent control day 0 level. The solid curve represents 
the disappearance of prelabeled D M  from the spleens of control 
animals. ]3y 7 days, approximately 9 percent of the original label 
remained in the control spleens. Application of Student's "t" test 
established statistically the readily observable difference between 
the non-irradiated and irradiated experimental points at a given 
time. These data are presented in table III. At a 0.01 level of 
significance, all values of F are sufficient except for day 3, which 
fails because of the greater scattering of the observations of the 
non-irradiated point; however, the difference between the two 
points is not questionable.
Retention of Prelabeled D M  Specific Activity in the Spleen Following 
Irradiation
The solid curve of figure 3 illustrate® the progressive decrease 
over the seven day period of the prelabeled D M  specific activity 
for unirradiated control spleens. The dashed curve represents a 
similar effect for irradiated animals following a whole-body exposure 
of 400 r. Student's "t" test showed no difference to exist between 
the non-irradiated and irradiated experimental points at a given time 
with the exception of day 5 (p = 0.01). Although a transitory 
difference appears to exist from day 0 to day 3 because of the day 1 
data points, the value of t for day 1 is substantially low enough to 
allow acceptance of the hypothesis that the points are the same.
The data points for days 3 and 7 are practically superimposable.
20
Figure 2: The solid curve represents the elimination of
prelabeled DNA from the spleens of unirradiated 
controls over the seven day period, while the 
dashed curve represents the same effect for 
irradiated animals. All values of the ordinate 
are adjusted to percent control day 0 and the 
vertical lines represent the standard errors.
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Figure 3: The solid curve illustrates the decrease in 
specific activity of prelabeled splenic DNA 
for unirradiated animals over the seven day 
period. The dashed curve represents the 
decrease in specific activity for irradiated 
animals. The ordinate is adjusted to percent 
control day 0. The vertical lines are the 
standard errors.
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Table III: The DNA total activities for non-irradiated and 
irradiated spleens are expressed as the total 
activity ratios, with respect to the total activity 
of control day 0. Comparison is made of the total 
activity ratios at experimental times over the 
seven day period. The associated ranges are the 
standard errors. The probability that no 
difference exists between the experimental points 
at a given time is p.
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Values of F, listed in table IV with other data from the specific 
activities, were homogenous at all times.
21
Table IV: The specific activities of DNA for non-irradiated 
and irradiated spleens sire expressed as the 
specific activity ratios, with respect to the 
specific activity of control day 0. Comparison 
is made of the specific activity ratios at 
experimental times over the seven day period.
The associated ranges are the standard errors.
The probability that no difference exists 
between the experimental points at a given 
time is p.
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DISCUSSION
The Spleen as a Radiosensitive Test System
The marked reduction in DNA synthesis and content after 
irradiation classifies the spleen as "radiosensitive" tissue. 
Although its role in modifying the radiation response of mammals 
is not completely understood, its significance to the hematopoietic 
and immunological systems merits its study.
The spleen has been reported to be more important in the 
survival of mice than rats, the two most frequently used animals in 
radiobiology. Friedell and Salerno (38) studied the combined effects 
of internal irradiation with Au-198 and Sr-89, and concluded that 
selective damage occurs to the spleen. The LD 50 of normal mice 
given an administration of Sr-89 alone was 10 p.c / gram-body weight.
A comparable response for splenectomized animals required only
3 jac/gram -body weight. Administration of Au-198 alone resulted 
in spleen damage, and if given with Sr-89 it increased the mortality 
response of the mice to the splenectomized animal level. A similar 
behavior was not noted for rats, indicating a more significant role 
of the spleen in the response of the mouse than the rat.
Jacobson et al. (31) have observed that recovery of hemato­
poietic tissues in mice with exteriozed, lead-shielded spleens 
during irradiation occurred so rapidly that the hemoglobin and 
hematocrit of such animals were not altered significantly from
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unirradiated controls, even after a 600 r whole-body exposure 
of X-rays.
Cole et al. (39) injected mice with isologous spleen homogenates 
and found marked protection against acute radiation death. The agent 
in the spleen preparations responsible for the increased survival 
is evidently deoxyribonucleoprotein, since treatment of the homogenates 
with DNAase and trypsin neutralized the protective activity whereas 
treatment with RNAase did not (40). Recent isolation of a radiation- 
mortality reducing factor from the spleen at least indicates it is, 
or is associated with, a protein (4l).
Post-irradiation infection is an important cause of nm'mn.l 
mortality (42,43), and in this respect the spleen has been shown again 
to exert influence in the response of the animal. Silverman et al.
(44) found that injection of spleen homogenates according to the 
methods of Cole (39) resulted in less incidence of infection during 
the first week post-irradiation, and allowed sufficient recovery of 
the antimicrobial defenses by the second week to permit the animal to 
cope with ensuing infections. The increased protection and the early 
recovery of the animal against infection were related to regeneration 
of the hematopoietic tissues. Jacobson (32) has noted that a humoral 
factor from the spleen seems to be involved in the restoration of the 
defense mechanism.
The extensive involution of the irradiated spleen has been used as 
a test system for studying the relative biological effectiveness (RBE)^
1The RBE is a comparison of the dose of an experimental radiation 
necessary to produce a given effect with the dose of a standard 
radiation required to produce the same effect.
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of different ionizing radiations (45). Carter et al. (46) first 
employed this method, and Kallman and Kohn (47) have characterized 
in detail the response-dose-time relationships for splenic atrophy. 
Generally, the loss of spleen weight could be treated as a linear 
function of the logarithm of the radiation dose.
Besides its Importance in the hematopoietic and immunological 
mechanisms of animals, there are certain other advantages in using 
the spleen in radiation studies. It is easily identified and 
removed in toto, which can be important if short time intervals are 
involved; and it has been one of the most intensely investigated of 
the mammalian organs, allowing comparison of results from different 
studies.
Correlation between DNA Synthesis and Mortality Following Irradiation
Till and McCulloch (17), using the "paired-dose" method, 
discovered that after 200 r the amount of injury retained by mouse 
bone marrow cells irradiated in vivo fluctuated according to a pattern 
described by the dashed curve of figure l.'L Their rather novel 
technique involved intravenous injection of normal bone marrow cells 
into recipient animals and irradiation of the cells after trans­
plantation. By using animals from the same strain as donors and 
recipients, viable transplanted cells which are taken up by the 
spleen form.visible colonies after several days. However, it was 
necessary to preirradiate the recipient animals with a dose that 
was sub-lethal over the duration of the experiment, but large enough
'‘The data after Till and McCulloch are presented as they 
appeared in Kallraan’s paper (l8).
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to prevent colony formation by endogenous cells. It was found that 
the response of colony forming cells, obtained from C57BL mice, to 
a second exposure decreased with time until a minimum was reached 
around 5 hours. After this time, the killing effect of the second 
irradiation subsequently increased attaining a maximum at 11 hours. 
From 11 hours until termination of the experiment, a gradual decrease 
in the amount of retained injury was observed. Cells irradiated 
situ behaved according to a pattern identical to that of in vivo 
irradiated cells with respect to the time course, indicating that 
perhaps the cyclic response is general when conditions support cell 
growth.
The data after Kallman (l8) in figure 1 illustrate the acute 
mortality response of C57BL mice to a second irradiation following 
an initial dose of 300 r. The initial sensitivity observed has an 
explanation in Kallman's hypothesis. Following irradiation with 
comparatively high doses, he suggests that a depletion of cells in 
the animal's tissues through direct killing would occur in all 
phases of the mitotic cycle except for those in the radioresistant 
period, Gl. As the populations of remaining viable cells proceed 
through the highly vulnerable late Gl - early S period, an increased 
susceptability would manifest itself. He further proposes that 
as the course of division continues the cells would concentrate 
eventually in the G2 period, which would result in the decreased 
sensitivity apparent at 6 hours. The process of mitosis, following 
G2, would give rise to the increased sensitivity observed at 12 hours.
The minimum and the maximum in the lethality curve occurring at 
6 and 12 hours respectively compare well with the results obtained by
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Till and McCulloch for transplanted bone marrow cells. It is 
significant that such a close correlation can be shown for the resjionse 
of exogenous cells abiding in an animal and the ultimate response of 
the animal itself. After 12 hours, the curve is approximately 
exponential which probably results from proliferation of the 
surviving cells of the animal as postulated by Till and McCulloch (17).
It is readily observable by comparing the curves of figure 1 
that resumption of DNA synthesis in the spleen occurs at about the 
same time as a period of high sensitivity with respect to acute 
mouse mortality and colony forming ability of transplanted bone marrow 
cells. This finding is in agreement with the notion of the late G1 - 
early S sensitivity. If the hypothesis is accepted that maximal 
injury to the animal occurs at the time when maximal numbers of the 
cell populations are being destroyed, then the finding of increased 
mortality at the time of a highly radiosensitive period in the cell 
populations is understandable. These results contrast with Hallman's 
proposed mechanism in that the event occurring at the time of maximal 
sensitivity is on the opposite side of the cell's life cycle from 
mitosis.
Figure k compares the mortality responses of five groups of 
C57BL mice given either single or fractionated exposures to cobalt-60 
gamma radiation, and studied in the same laboratory and under the same 
conditions as the animals used in the present study.1 Each group 
contained twenty animals which were observed daily for deaths over a
1These data are extracted from U.S. Air Force Technical Report, 
"Biological Recovery from Radiation Damage in Small Animals," by 
G. V. Dalrymple et al.

Figure 4: Hie effect on acute mouse mortality of placing
a 4, 8, 12, or 2k hour interval between two doses 
of 400 r each is illustrated. The cumulative 
mortalities from the fractionated doses are 
compared to the cumulative mortality from a 
single exposure of 800 r.
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30 day period. A single whole-body exposure of 800 r resulted in a 
15 percent cumulative mortality within the 30 days. A 4 hour interval 
placed between two doses of 400 r each caused no mortality at all, but 
when an 8 hour interval was used a 45 percent mortality occurred. The 
maximum response was observed with 12 hour fractionated doses, which 
resulted in a 69 percent emulative mortality. A 24 hour interval 
between the two doses resulted in only 5 percent cumulative mortality. 
The greater killing effect resulting from the 12 hour fractionated 
doses and the finding of increased sensitivity of cell populations 
in the spleen at 12 hours,supports the idea that a relationship 
exists between these two events. The data from this study corroborate 
Kallman*s observations with respect to the time course of the repair 
curve, but the multi-fold increase in mortality at 8 and 12 hours 
above single exposure level is not present in Kallman's report.
DNA Synthesis Following Irradiation
The effect of ionizing radiation on DNA synthesis in animal 
tissues is well documented. Von Euler and Hevesy (48) first reported 
a decrease in the incorporation of radioactive precursor into the 
DNA of rat Jensen sarcoma after irradiation, and their observation 
was followed by extensive investigation of other tissues. Errera (49, 
50), Hevesy (51), Hevesy and Forssberg (52), Howard (53), Kelly 
(54), and Lajtha (55) have reviewed this subject.
Nygaard and Potter (35,5^,57) have studied in detail the radiation 
responses of several organs of the rat, with particular emphasis on 
DNA behavior. For all doses ranging from 50-800 r there was an 
early and pronounced inhibition of DNA synthesis in the spleen, small
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intestine, and the thymus. The extent of decrease was found to be 
dose-dependent. Invariably, synthesis recovered; and the recovery was 
followed by an "overshoot" above normal levels, which ranged from a 
two-fold increase for the spleen and the small intestine to a ten­
fold increase for the thymus. The delay in onset of synthesis was 
independent of dose for the small intestine and thymus, but was 
quite dose-dependent for the spleen. The "overshoot" was inter- 
pretated as indicative of a partial synchronization of the cell 
populations.
The marked reduction of DNA synthesis in the spleens of mice
4 hours post-irradiation is in agreement with previous observations 
on DNA behavior. The resumption of radioactive precursor uptake at 
12 hours seems early when compared to data from rats at the same 
dose level (56), but it agrees with the time course of an experiment 
for a similar study on the mouse thymus (29). The usual "overshoot" 
is not present in this case because the study was terminated too 
early for this event to happen.
Smoot and Van Lancker (29) have investigated the thymus in 
C57BL mice following localized irradiation and partial hepatectomy.
A 300 r dose was found to surpress DNA synthesis to approximately 
2k percent of unirradiated control. It is interesting that the time 
of resumption of DNA synthesis, which was 12 hours, and the extent 
of recovery at 2k and 48 hours showed similarity to the time course 
for the same events in the spleen, if comparison is made of the 
present study (solid curve, figure l) and Smoot and Vein Lancker's 
data.
When an animal is partially hepatectomized, the remaining liver
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cells regenerate as a partly synchronous population and have a high 
rate of metabolism. Smoot and Van Lancker studied the effect of 
regenerating liver on D M  biosynthesis in the thymus, and compared 
the results with their observations on the irradiated thymus. By 
12 hours post-hepatectcmy, D M  synthesis in the thymus was reduced 
to 8 percent but had begun to recover; and, until the experiment 
was completed at 120 hours, it demonstrated a recovery analogous to 
that found in irradiated thymus. Partial hepatectamy also resulted 
in thymic atrophy similar to that which occurs after irradiation. 
Although the degrees of response differed, the patterns of behavior 
for regenerating thymus and irradiated thymus suggest that the pro­
cesses are alike in nature. It would appear that the action of 
regenerating liver on the thymus is mediated through a humoral 
factor.
In order to escape certain phenomena peculiar to in vivo 
systems, such as "abscopal" effects and changes in cell populations, 
several investigators have employed cultured mammalian cells to 
study the actions of radiation on D M  synthesis. The results have 
varied.
D M  synthesis in vitro has been reported to be highly radio­
resistant. Whitmore et al. (2k), using cultured mouse hepatic cells 
(L cells), found little inhibition of D M  production for 18 hours 
following exposure of the cells to 2000 r or 5000 r. At 18 hours an 
interlude occurred during which no new D M  was formed for approxi­
mately 4 hours. Following this interval, synthesis resumed at a 
normal rate. These results were interpretated as suggestive of a 
radiation induced mitotic block in the G2 region of the life cycle,
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with cells in other phases being unaffected.
In light of the findings of Whitmore, it is interesting that 
Lajtha and co-workers (58) irradiated cultured human bone marrow cells 
in the Gl period and found that approximately 50 percent of the cells 
thus treated failed to enter the DNA synthetic period. This "Gl 
depression" became saturated between 200-300 rads with higher doses 
not increasing the number of affected cells, but the response followed 
a sigmoid-shaped curve for the dose range of 100-250 rads. Cells 
in the S period at irradiation showed no effect below 300 rads, 
uncertain effect between 3OO-5OO rads, and definite partial inhibition 
of DNA synthesis above 500 rads. Those cells which by-passed the 
Gl block and entered S showed no decrease in rate of synthesis. The 
response of cells in Gl possibly reflects the existance of two pop­
ulations, one sensitive and one resistant, or a decreased rate of 
progress through this phase. Lajtha concluded that the "Gl depression" 
is not simply related to loss of reproductive integrity and cell death, 
since these processes are further dose-dependent above 300 rads, and 
that there is "a system connected with but not identical with DNA 
synthesis which is more radiosensitive than the process of DNA 
synthesis."
In disagreement with Lajtha, Painter (59,60) observed that 
HeLa S3 cells making DNA at the time of irradiation showed immediate 
partial inhibition of this process and that cells in Gl proceeded 
undisturbed into S. He noted, however, that the decreased synthesis 
did not affect the complete formation of DNA, only the rate at which 
it was formed. The consequence was a piling up of cells in the 
synthetic period.
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The extreme case of the general disparity evident for in vitro 
data on DNA synthesis following irradiation comes when Whitmore's 
results are compared with those of Dickson and Paul (6l), who found 
an immediate 50 percent inhibition of tritiated thymidine uptake into 
the DNA fraction of L cells following exposure to 2300 r. The above 
discussion shows that the situation for DNA synthesis in vitro is 
somewhat unclear at present.
Regenerating liver has offered hope of enlightment on the 
radiation response of cells. As mentioned previously, if an 
undergoes partial hepatectomy, the cells remaining in the liver are 
partly synchronized. DNA synthesis in such hepatocytes for the rat 
begins around 19 hours post-operative and is maximal at about 24 hours. 
Using this test system, Holmes and Mee (62), Holmes (63), and 
Beltz et al. (64) have reported that irradiation during the G1 phase 
is inhibitory to DNA synthesis, but that the process of DNA 
synthesis itself is radioresistant. An exposure of 1500 r given
6-l8 hours after partial hepatectomy sufficied to completely block 
the entry of cells into the S period, while 1500 r delivered at 
28-29.25 hours produced only 20-30 percent reduction in rate of 
synthesis. In general, the inhibition was temporal since DNA 
synthesis usually recovered at later times. These results agree 
with Lajtha's observations on the "G1 depression" found for human 
bone marrow cells and on the insensitivity of the DNA synthetic 
period. Looney et al. (65) have reported that 3000 r of X-rays 
delivered during the S period in regenerating rat liver caused 
immediate reduction of DNA synthesis with the reduction being 
proportional to the rate of synthesis at the time of exposure.
In
In view of the apparent radioresistance of the D M  synthetic 
period, several proposals have been made to explain the observed 
decrease found in animal tissues. Howard (53) and Kelly (5*0 have 
suggested that changes in cell populations, brought about by mitotic 
blocking and reproductive death, could account for the observations 
on D M  synthesis. Trowell (66,67) has reported an "interphase death" 
to occur for the lymphocytes of the lymph nodes, which are perhaps 
the most sensitive cells in the animal (LD 50 - 150 r). If these 
cells are irradiated in vitro, the LD 50 approximately doubles 
(275 r), and such cells in the intestinal villi are very resistant 
(LD 50 = 2250 r). Blood lymphocytes irradiated in vitro (LD 50 =
1600 r) axe 11 times more resistant than cells in the lymph nodes. 
Maximal cell death for lymphocytes in vitro following irradiation 
occurs around 2k hours, but the same event in vivo happens at 6-8 
hours.
The change in sensitivity of explanted cells, the radio­
resistance of the intestinal villi lymphocytes, and the significant 
difference for times of peak cell necrosis in vivo and in vitro have 
prompted Trowell to suggest that the "interphase death" is mediated 
through a means which is radiation-induced but which is not 
radiation itself.
The question of a direct effect on the D M  synthesizing 
mechanism has been partly answered by studying tissues at short 
intervals following irradiation. By using a one minute irradiation 
period and an eight minute incorporation time for thymidine-C lk, 
Nygaard and Potter (57) demonstrated an early effect on D M  synthesis 
in the spleen and the small intestine. Within eight minutes following
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whole-body exposures to 125-4600 rep, an obvious and in most instances 
pronounced decrease in thymidine incorporation had occurred. As 
time progressed, a minimum and a maximum in the uptake curve became 
apparent. For the spleen, the thymidine incorporation continued to 
drop until the minimal rate was reached, usually before 40 minutes. 
Following the minimum, and increased incorporation was observed until 
the maximum was reached sometime before TO minutes, after which there 
was a gradual decline in uptake until the experiment was terminated 
at 140 minutes.
The times of the minimum and the maximum for the uptake curve 
were dose-dependent and generally occurred earlier with increasing 
dose. The extent of the initial recovery was also dose-dependent 
and decreased with increasing dose. For 400 rep, the DNA synthesis 
was 6l percent of control at 8 minutes, 33 percent at 20 minutes 
(the minimum), 40 percent at 30 minutes (the maximum), and 6 percent 
at 140 minutes. These experiments leave no question of an immediate 
and gross effect of radiation on DNA synthesis for normal tissues 
in vivo.
For in vivo cellular populations, the influence of humoral, or 
"abscopal", factors is omnipresent. There can be no doubt that such 
an agent(s) is involved in producing regenerating thymus following 
partial hepatectomy (29), and is probably involved in the responses 
of "radiosensitive" tissues. Benjamin and Yost (68) have presented 
evidence for the uncoupling of oxidative phosphorylation in spleen 
mitochondria following 800 r X-irradiation. This effect was attributed 
to hyperactivity of the pituitary with subsequent release of target 
organ hormones, such as adrenal corticosteroids and thyroxine.
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This finding is interesting in view of the report by Gould et al. (28) 
that irradiation of the head only prevented initiation of DNA synthesis 
in regenerating rat liver. These latter investigators also 
implicated the pituitary-adrenal axis in the demonstrated "abscopal" 
effect. This information, combined with the findings of Trowell (67) 
and Snoot (29), lends strong evidence for the role of endocrines 
in the radiation response of the mammal.
The "G1 depression" has been studied from the mechanistic 
viewpoint. Bollum et al. (69) have found that 375 r given 6 hours 
post-hepatectomy prevented formation (or activation) of thymidine and 
thymidylic kinases, enzymes -which appear at the end of the G1 period 
and are essential for DNA synthesis. However, irradiation at l6 hours, 
a time when there is no DNA. synthesis, did not affect the process of 
synthesis. Thymidylic kinase appears to be more sensitive to 
radiation than DNA polymerase (69), although Ord and Stocken (70) 
found an accumulation of deoxyribonucleotides in the irradiated thymus 
and concluded that "the inhibition of deoxyribonucleic acid synthesis 
after irradiation is not due to lack of precursor but rather to failure 
of the polymerization or to breakdown in essential energy-generating 
mechanisms in the nucleus." Okada (71) observed inhibition of the 
complete DNA synthesizing enzyme system at 24 hours, if local 
irradiation of regenerating liver was done at 12 hours. Creasy and 
Stocken (72) have reported that intranuclear phosphorylation of purine 
and pyrimidine monophosphates to triphosphates is completely and 
immediately inhibited. The work produced so far generally indicates 
that failure of the phosphorylating enzymes for nucleotides is 
responsible for preventing DNA synthesis (69,73).
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The early effect of radiation, observed by Nygaard and Potter (57), 
might possibly be due to changes in intracellular ionic concentration, 
which have been shown to occur for nuclei of spleen and thymus cells 
following irradiation (74). If the initial decrease in the early 
effects curve does result from a temporary ionic imbalance in the 
spleen cells, then correction of this situation would be expected to 
reverse the inhibition. Since such a reversal does occur, this 
explanation has plausibility. The final phase of the curve begins 
at a time (1-2 hours) when cell death contributes to the over-all 
effects, and this process could account for the further decrease in 
DNA synthesis.
The dose-response curve for the direct inhibition of DNA 
synthesis can be divided into two parts. The first part, called SI, 
falls rapidly with increasing dose up to 1000 r. The second portion 
of the decreasing curve, designated S2, has a shallow slope and 
extends well beyond 12,000 r. This biphasic behavior appears in all 
systems studied, which include human bone marrow cells (75,7^),
Ehrlich ascites tumor cells (77), HeLa S3 cells (60), thymus (78), 
and regenerating rat liver (79)* The sharpness of the SI response 
possible reflects interference with the radiosensitive triphos­
phorylation process; and S2, since it becomes prominent at high doses, 
might result from a gradual degradation of the DNA matrix (55)*
Painter (60), who did not find the "Gl depression" for HeLa S3 cells 
but did find the dose-dependent biphasic response for DNA. synthesis, 
believes the steeper part of the curve is due to destruction of the 
DNA primer, and the latter part to reflect inhibition of the 
polymerase-forming system.
D M  Content Following Irradiation
Concurrent with the cessation of D M  synthesis, Nygaard and 
Potter (56) found a drastic reduction of D M  content in all tissues 
studied. This is most likely a direct result of the extensive 
loss of cells from the organs rather than a specific elution of the 
nucleic acid only (27,80).
The data in table II show that the reduction of D M  in the 
spleens in this study occurs as expected. The general features 
of these results have already been discussed. The loss is apparent 
early (4 hours) and is complete by 24 hours. The value at 48 hours 
indicates that by this time recovery of D M  synthesis has not 
advanced to the point of affecting D M  content.
The possibility that a selective loss of cells which synthesize 
D M ,  resulting in a decreased ratio of synthesizing to non-synthesizing 
cells, could account for the depression in D M  synthesis at 4 hours 
could be inferred from the observations on diminished D M  content. 
However, the observed minimum in D M  synthesis at 4 hours and the 
continued decrease in D M  content past this point do not support 
such an explanation, and studies on the retention of labeled D M  
following irradiation, which will be discussed below, tend to 
exclude this possibility.
Retained Total Activity and Retained Specific Activity of Prelabeled 
D M  Following Irradiation
Nygaard and Potter (8l) observed that the total activity of 
prelabeled, radioactive D M  in the spleens of rats dropped pre­
cipitously in a fashion which agreed with their previous finding of
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a radiation-induced loss of D M  content with time (56). In contrast, 
the decrease in unirradiated control total activity was gradual and 
biphasic. Of interest was the behavior of the specific activity of 
the irradiated tissues which appeared to show no change from the 
specific activity of the unirradiated controls. The only apparent 
explanation for such behavior is that the loss of cells from the 
spleen is a random process; i.e., there is no selective loss of 
those cells which synthesize D M  as compared to those which do not.
By prelabeling D M  3 and 2h hours prior to irradiation, it was shown 
that this process was independent of the life cycle of the cell (8l). 
Other tissues, including the thymus and the small intestine, 
exhibited responses similar to that of the spleen.
A note of reservation was added to their finding, however, 
because the results did not lend themselves to unambiguous 
interpretation. For this reason, a similar retention study on 
mice was conducted under conditions which allowed statistical 
consideration of the data.
The curve representing control spleens in figure 2 resembles 
similar curves in the literature for the elution of epithelial 
cells from the small intestine, but it differs from reports of an 
initial rapid drop in splenic total activity followed by a slower 
elution of the label (8l). The specific activity of the control 
spleens would be expected to show a decrease correlating with the 
total activity since the D M  content of the spleens would remain 
constant throughout the.experiment. Comparison of the control curves 
for figures 2 and 3 indicates this is the case.
The splenic total activity of the irradiated animals decreases
in the expected manner showing considerable change from the control (8l), 
but the curve for the specific activity does not deviate significantly 
from the observed control values.
The data from the present work suggest a lack of change from 
normal in the DNA specific activity of the irradiated spleens, 
despite the rapid and marked exit of label. Such a response could 
only be effected through rigid maintenance of the ratio of labeled to 
unlabeled cells. It must further be assumed that those processes 
responsible for the natural turnover of the cells remain in effect 
following irradiation.
These results give statistical support to the original conclusion 
of Nygaard and Potter that no difference appears to exist between 
the retained specific activities for irradiated and non-irradiated 
spleens.
CONCLUSIONS
The radiation response of the spleen, and its part in 
directing the recovery of the animal from radiation injury, will 
he treated in light of previous knowledge and the findings of the 
present study. In this context, recovery of the animal will he 
taken to mean the lack of death within 30 days following exposure. 
The well-known long term effects of radiation, such as life- 
shortening and carcinogenisis, will not he considered.
Death from radiation is not instantaneous; many intermediate 
steps are involved from the time of the initial insult to the 
ultimate response of the animal. By treating this subject according 
to the chronological order of events occurring in the spleen 
following exposure, it is hoped that the cause-effect relationship 
between irradiation and mortality or lack of mortality, as it is 
mediated through the animal’s cell populations, will become more 
readily understandable. In considering the role of the cell 
populations, heavy emphasis will be placed on their behavior toward 
a second exposure following an initial irradiation.
For this section, the effects of radiation on the spleen will 
be divided into four parts based on post-irradiation time periods 
taken from the present study.
0-4 hours
Although no information is given by the present study regarding
the events happening in this time period, the marked reduction in 
DNA. synthesis at 4 hours must reflect active interference with this 
process. Since the loss in DNA content cannot readily account for 
the diminished synthesis via selective removal of cell populations, 
it is assumed that this inhibition results from a direct action 
on the cells. Whether intracellular ionic imbalance, as proposed by 
Nygaard and Potter (57), or an "interphase death," suggested by 
Trowell (67), is responsible for the decrease in synthesis is not 
known; but the effect surely occurs early, even within minutes, 
following irradiation.
During this time interval, C57BL mice exhibit an increasing 
sensitivity to a second exposure of ionizing radiation which, according 
to Kallman (l8), results from the cell systems of the animal re­
populating a radiosensitive period, probably late G1 - early S.
The observation of Nygaard and Potter of an early recovery in DNA 
synthesis would attest to Kallman's proposal, for the occurrence 
of both events in the same short time period cannot be entirely 
fortuitous. Which particular cells in the mitotic cycle initiate 
DNA synthesis for the early recovery, however, remains uncertain.
If the ionic imbalance mechanism is correct, then the cells recovering 
DNA synthesis were in the synthetic period at the time of irradiation, 
and the reversal of the inhibition results from correction of the 
ionic imbalance. But, such cells would not necessarily exhibit an 
increased sensitivity since resumption of DNA synthesis tinder these 
conditions does not require passage through the late G1 - early S 
period. On the other hand, if the ionic imbalance is not corrected, 
or its correction does not result in resumption of DNA synthesis for
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the cells in the S period at the time of irradiation, the early 
recovery could be a manifestation of cells entering the S period 
from Gl and Kallman1s hypothesis would have merit. In this case, 
the role of the "Gl depression" would be prominent. The existing 
data do not exclude entirely the "interphase death" as the mode of 
action of radiation against DNA synthesis, but the actual situation 
probably involves a combination of both mechanisms or, more likely, 
a common origin for both mechanisms; i.e., the cause of the decrease 
in DNA synthesis also causes the "interphase death."
Although Lajtha (58) reported a maximum "Gl depression" of 
50 percent and a saturation dose of 200-300 rads for cultured human 
bone marrow cells, this type of response is not universal since the 
inhibition of DNA synthesis for regenerating rat liver is further 
dose-dependent beyond 300 rads and is complete at 1500 rads (69).
At this point it is tempting to correlate the early sensitization 
of animals to a second irradiation with the entry into late Gl - early 
S of cells which have escaped the Gl block. Unfortunately, the 
effect of radiation on the progress of such cells through Gl and the 
rate of entry into the S period are not known, but it is reasonable 
to assume that the cells are partially synchronous since the radiation 
would have destroyed the cells in the sensitive late Gl - early S 
period and blocked cells which had not formed thymidylic kinase (69). 
The fate of the cells which enter S from Gl is not known. It is 
entirely possible that they encounter the inhibitory agent 
influencing their predecessors in the S period, or that they 
remain unaffected. If DNA synthesis is reduced in these cells, it must 
be at some point beyond the initiation of the synthetic period, and
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it must not alter the potential of these cells to remain viable and 
repopulate the depleted tissue.
4-12 hours
The time interval of 4-12 hours is a period of arrest for D M  
synthesis in the spleen. The effects of radiation, however, are 
still evident through the continued, marked reduction in D M  content. 
The small degree of synthesis still remaining (around 8 percent) 
could be evidence of the escape from damage of some cells in S at 
the time of irradiation, or it could possibly indicate the existence 
of those cells which were not captured by the Gl block and entered 
S. During this time, many of the remaining viable cells of the 
spleen are concentrated in the Gl period, although toward the latter 
part some release of the cells for entry into the late Gl - early S 
phase undoubtedly occurs. Examination of the repair curve for 
mice during this time shows a period characterized by relative 
insensitivity to a second exposure.
12-24 hours
The resumption of D M  synthesis at 12 hours marks the movement 
of cells from Gl into S and indicates a reversal of the "Gl depression." 
Since a good portion of the cells retained in Gl were probably 
blocked in a common locus, the exit of these cells from the block 
would be expected to be partly synchronous. At present, there is 
no conclusive information concerning the dose-dependency of the 
length of the "Gl depression" or its dependence on the position 
of the cell in the Gl period. The continued decrease in D M  content 
from 12 to 24 hours and the beginning of D M  synthesis at 12 hours
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indicate that these processes in the irradiated spleen have attained 
independence of each other. The possibility remains that D M  
synthesis at 12 hours involves recuperation of the cell populations 
in the S period at the time of irradiation. However, these cells 
would not be expected to show a late G1 - early S sensitivity; and 
their recovery would imply direct inhibition of D M  synthesis without 
lethal damage to the cell, if it is assumed these cells are 
responsible for repopulation of the spleen.
At 12 hours post-irradiation, C57BL mice have maximal sensitivity 
to a second irradiation. The finding of resumption of D M  synthesis 
in the spleen at this time is in agreement with the notion of the 
late G1 - early S sensitivity.
24-48 hours
The two-fold increase in D M  synthesis during this period 
possibly reflects l) an increased number of cells entering the D M  
synthetic period, 2) an increased rate of synthesis, or 3) re­
cuperation of those cells in S at the time of irradiation. The present 
data do not favor any given one of the above postulates. The 
possibility of a combination of any two or all three cannot be 
excluded. During this period, the cells would be expected to lose 
some of the initial synchrony they possessed and would begin to 
approach the sensitivity of a random population. There is also 
evidence that cells entering the S period after irradiation demonstrate 
marked resistance to a second exposure with respect to inhibition of 
D M  synthesis (82), a very interesting finding in view of the 
reported radioresistance of D M  synthesis in regenerating rat liver (64).
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From 12-48 hours post-irradiation, the initial injury retained by 
C57BL mice drops from an excess of 100 percent to approximately 
10 percent. This is a time of rapid recovery for the animal and 
reflects the acquired resistance of its cell populations to a 
second irradiation.
If the hypothesis is accepted that maximal injury to the animal 
occurs at the time when maximal numbers of the cell populations are 
being destroyed, then the finding of increased mortality at times 
when the cell populations of the spleen are in the highly radio­
sensitive late Gl - early S period is understandable. This 
conclusion presupposes that the radiosensitivities of the various 
phases of the mitotic cycle, as determined by Terasima and Tolmach 
(19-21), apply in vivo. The concept of the late Gl - early S 
sensitivity, as it applies to recovery from radiation damage, will 
be put forth here in the form of a proposed mechanism:
1. Following exposure to ionizing radiation, the remaining 
viable cells in the spleen are concentrated in the radio­
resistant Gl phase. This is a result of the direct 
killing of those cells in the radiosensitive phases and 
the incapacitation of the cells in the DNA. synthetic 
period.
2. The cells in the Gl period represent a mixture of two 
populations. The first of these populations will suffer 
a delay in DNA synthesis, possibly because of a lack of 
thymidylic kinase. The second population will not suffer 
a delay but will enter the DNA synthetic period in a
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synchronous fashion and at this time will demonstrate 
a maximum in sensitivity to a second irradiation.
3. As the cells in the late Gl - early S period progress 
into DNA synthesis and the cells in Gl continue to he 
blocked in their division, the population will acquire 
radioresistance, which lasts until removal of the "Gl 
depression."
4. After the "Gl depression" is removed, cells in that period 
move synchronously into late Gl - early S and exhibit
a maximum in their sensitivity.
5. As the cells pass into the DMA synthetic period, they 
would become randomized and eventually approach the 
resistance of a control population.
In this proposed model, certain features of the complete 
response have been ignored. Cells in G2 and mitosis at the time of 
irradiation were not considered because they constitute a minority 
and exert little influence on the final outcome. Cells engaged in 
DNA synthesis at the time of irradiation apparently do not pass 
through a radiosensitive period during their recovery and, 
consequently, have no bearing on the cyclic response to a second 
irradiation, although they may be involved in the later stages 
of recovery.
A distinction should be placed between cell death from 
irradiation during the late Gl - early S period and the inhibition 
of DNA synthesis for those cells in the S period. The latter 
effect does not necessarily require or result in cell death. The 
exact contribution of the cells irradiated in S to the final recovery
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of the spleen and the reason for the apparent radioresistance of 
cells in the synthetic period to a second irradiation will have to 
await further clarification of the mechanism of radiation repair.
The precise meaning of the results from the study on retention 
of labeled D M  in the spleen, as they apply to the radiation response 
of the spleen, is not clear. It is entirely feasible that a radiation 
induced agent is responsible for the entire effects observed; i.e., 
reduced D M  synthesis, loss of DM ,  and general non-selective 
removal of cells.
The findings of these studies lend support to the concept 
that the cyclic response demonstrated by animals to a second irradiation 
results from recurring radiosensitivity of the cell populations in 
"radiosensitive" tissues. Because it is "radiosensitive" tissue and 
because of its significance to the hematopoietic and immunological 
mechanisms of the animal, the spleen was chosen as a test system.
The close correlation between the potentials of survival for the 
cell populations of the spleen and for the animal bears significant 
testimony of the role of this organ in the radiation response of 
the mouse.
SUMMARY
Animals which have "been conditioned by an initial, sub-lethal 
dose of ionising radiation demonstrate a cyclic response to a second 
irradiation during the early periods following the first exposure. 
This effect has been attributed by Kallman (l8) to a partial 
synchronization of cell populations in the animal by the initial 
dose, and a subsequent varying radiosensitivity of the cells as they 
proceed through the mitotic cycle.
Experiments on the acute mortality response of C57BL mice 
indicate a minimum response to occur at 6 hours and a maximum 
response to occur at 12 hours (l8). In a similar study involving 
transplanted bone marrow cell colony formation in the spleen, Till 
and MeCulloch (17) observed a minimum in the sensitivity of the 
cells at 5 hours and a maximum at U  hours. Results obtained from 
mortality experiments on C57BL mice, studied in the same laboratory 
aid under the same conditions as the animals used in the present 
study, revealed the 12 hour sensitivity to be present in this 
population of animals.
An investigation of D M  synthesis in the spleen following a 
whole-body exposure to 400 r cobalt-60 gamma radiation showed this 
process to be inhibited early and extensively. D M  synthesis 
resumed at 12-13 hours post-irradiation and continued to recover 
over the course of the experiment. A simultaneous loss of D M  
content was also observed. The finding of the resumption of D M
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synthesis in the spleen at ahout the same time as maximal sensitivity 
for the animal population is in agreement with the concept of a 
late Gl - early S sensitivity, which has been proposed by Terasima 
and Tolmach (19-21). If the hypothesis is accepted that 
injury to the animal occurs when maximal numbers of the cell 
populations are being destroyed, then the finding of increased 
mortality at the time of a highly radiosensitive period in the cell 
populations is understandable.
A study on the behavior of prelabeled DNA over a seven day 
period following irradiation revealed a rapid loss of label from the 
spleen as compared to a gradual decrease for unirradiated controls.
In contrast, the DNA specific activity for the irradiated spleens 
did not differ significantly from the specific activity of the 
controls. These results were interpretated as meaning that those 
cells which synthesize DNA and those which do not are equally 
sensitive with respect to loss from the spleen.
A model to explain the recurring radiosensitivity of animals 
to a second irradiation has been proposed. It is suggested that 
following the initial exposure the remaining viable cells are 
concentrated in the radioresistant period, Gl. A portion of these 
cells will suffer delay in Gl. Those cells which are not delayed 
proceed into late Gl - early S and give rise to an early sensitivity 
for the animal population, which has been observed (l8). After such 
cells have entered the DNA synthetic period, the population would 
acquire an overall radioresistance evident by the minimum in mortality 
found at 6 hours. The cells delayed in C-1 would eventually overcame 
this block and advance into late Gl - early S, and again the animal
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population would show an increased sensitivity, which is found at
12 hours.
The spleen was chosen as a test system because it is "radio­
sensitive" tissue, it has significance in the hematopoietic (31) 
and immunological (32) mechanisms of the animal, and it has been 
shown to be important in the survival of mice (38,39). The findings 
of the present study show a close correlation between the potential for 
survival of the D M  synthesizing cells in the spleens of mice and the 
survival of the animals.
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APPENDIX I 
MODIFIED SCHNEIDER EXTRACTION PROCEDURE
Because of the incorporation of de novo radioactive precursors 
for DNA, such as sodium diphosphate - P32 and formate - Cl4, into 
lipids as well, a lipid extraction is necessarily included in any pro­
cedure for the separation of cellular components labeled with such 
precursors. In contrast, thymidine is specifically incorporated into 
DNA (33,3^). Consequently, if radioactive thymidine is used as the 
labeled precursor, any radioactivity found in the tissues would be 
expected to be associated with thymidine, thymidine phosphates, or 
DNA. Therefore, including a lipid extraction would be redundant and 
excluding it would be desirable since it would reduce appreciably the 
time required for isolating OTA.
The following experiment was performed to decide the feasibility 
of excluding the lipid extraction. Ten mice were injected with 10 p.c 
of tritiated thymidine each, sacrificed, and their spleens removed 
according to the procedures in the Methods Section. The spleens were 
homogenized individually in cold 10 percent trichloroacetic acid (TCA) 
and separated into two equal parts. One part underwent extraction 
according to Schneider’s method (36) while the other part received 
identical treatment with the exception of exclusion of the lipid 
extraction. The radioactivity and DNA content of each sample were 
determined, and the results expressed as the specific activity
(CPM/mg-DNA) and the DNA concentration (mg/ml).
It is quite clear from the results shown in Table V that 
there is no difference between the two fractions with respect to 
specific activities or DNA contents. See appendix VI for the 
significance of F, t, and p.
RESULTS FOR THE ISOLATION OF LABELED DNA FROM 
SPLEENS WHICH UNDERWEITT LIPID EXTRACTION AND WHICH DID NOT
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TABLE V
SPECIFIC ACTIVITY (CPM/mg-DNA)
Mean Standard Deviation
lipid extraction 
no lipid extraction
5065 
5048
value of F = 2.745 
value of t = 0.0270 
p > 0.90
1713
1034
DNA CONCENTRATION (mg/ml)
Mean Standard Deviation
lipid extraction 
no lipid extraction
0.4138
0.4211
value of F = 1.714 
value of t = 0.1447
0.80 < p < 0.90
0.0750
O.O982
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APPENDIX II 
CORRECTION FOR TRITIUM RADIATION SELF-ABSORPTION
The beta radiation arising from the decay of tritium has an 
energy of 18.0 kilo-electron volts and an average parth length in 
tissue of one micron. If windowless proportional counting is used for 
quantitation of tritium samples, a correction must be made for the 
self-absorption of the emissions of this isotope by the radioactive 
material. A relation has been shown to exist between the degree of 
self-absorption and the weight of the sample. The method used for 
ascertaining the algebraic expression defining self-absorption has 
been described previously (83).
Serial dilutions of an acid extract of mouse spleens were prepared.
To each dilution was added a known amount of tritiated thymidine.
1.0 ml aliquots from each dilution were dried on weighed aluminum 
planchets. After drying, the planchets were reweighed and the 
difference between the weighings represented the absorbing mass. The 
radioactive samples were counted according to the procedure in the 
Methods Section.
Figure 5 illustrates the effect of increasing mass on the 
counting rate of a tritium sample. By the method of least squares 
(appendix IV) it was found that a second order equation,
y = 72 x2 - 884 x + 3225, (l)
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Figure 5: The effect of increasing mass on the counting rate
of a tritium sample with constant total activity
is shown. The curve is described by an equation
2
of the form y = ax + bx + c.
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best fitted the data. In this equation "y" represents the counting 
rate (net CfM) and "x" represents the weight of the sample in 
milligrams.
The procedure for obtaining a correction factor was established 
by taking the ratios of the intercept of equation one to the 
counting rates, and relating them to the corresponding weights.
Again by the method of least squares, the relation was found to be 
a second order equation,
y = 0.0295 x2 + 0.06014 x + 0.8099, (2)
where y' is the ratio, or correction factor, and "x" is the weight 
of the sample in milligrams. By solving equation two for a given 
weight, a correction factor is obtained multiplication of which 
by the observed counting rate will yield the corrected counting rate.
The coefficients of equation two were incorporated into the 
specific activities program (appendix VII) making it necessary only 
to instruct the computer on the weight of a sample in order to 
obtain an internal calculation of the correction factor and the 
corrected counting rate.
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APPENDIX III 
DETERMINATION OF DMA CONTENT
A most reliable procedure for determining the absolute amount 
of deoxyribonucleic acid (DNA) in tissues is the diphenylamine method 
of Dische (37)• Diphenylamine reacts with deoxy-sugars to give an 
intense purple-blue color. In the case of deoxyribose an absorption 
maximum occurs at 595 mji. Dische*s method was used for measuring 
the DNA content of the splenic tissues in these studies.
Because it was found that the commercial, undenatured DNA did 
not give a linear color development with increasing concentration, as 
would be predicted from the Lambert-Beer law, a concentrated DNA 
solution was heated with trichloroacetic acid (TCA) and the TCA 
counter-extracted with diethyl ether. The denatured DNA resulted 
in a straight line with an intercept of zero when the optical density 
was plotted versus the concentration. This preparation was used for
the standard DNA samples. The color produced was found to be stable
i
in the dark at room temperature for several hours and no appreciable 
change occurred in 48 hours.
The coefficients of the straight line relating optical density 
to DNA concentration were determined by the method of least squares 
(appendix IV) and were incorporated into the computer program for 
specific activities (appendix VII).
4000
2.0 3.0 4.0 
WEIGHT(MG)
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APPENDIX IV 
LEAST SQUARES APPROXIMATION
The observed values of experimental results frequently do not 
define an unequivocal relationship. Under these circumstances two 
vexing questions arise: (l) what is the mathematical expression 
describing the relation, and (2) what are the constants of this 
expression? The method of least squares is a technique devised to 
meet such situations (84). In essence it involves determining the 
coefficients of the equation which results in a minimum value for 
the sum of squared differences between observed and theoretical 
data values. Such an equation is said to be the "best fit" to the 
data.
A consideration of the principles of this curve fitting method 
would serve to make its use more readily understandable. If ( x ^ ) ,  
(x^y^), ••• > (xn,yn^ are pairs of observed values, then ax^ + b, 
ax2 + b, ... , axQ + b may be considered theoretical values of y, 
assuming y is linearly related to x. The sum of the squared differences 
between the observed and theoretical values would be
n
S = £  (yi - axi - b)2 . (l)
i = 1
By taking the partial derivatives of S with respect to a and b and 
equating them to zero, algebraic expressions are obtained, and
Jk
simultaneous solution of these expressions defines the coefficients 
of an equation have the least deviation from the observed data points.
n
f r  -2 I  - b> - 0 (2)
i = 1
By equating the partial derivative to zero, we obtain
n
i = 1
n n n
2
and £  V i  “ a I  xi " b I  xi " °- W
i - 1 i = 1 i = 1
Transposing the expressions gives us
n n n
I  V i  = a I  xt + 13 I  xi ' <5)
i = 1 i = 1 i = 1
In a similar fashion,
n
d  S = -2 £  (y± - axi - b) = o (6)
i = 1
n
Y  - axj. - b) = 0. (7)
i = 1
a a
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n n
Z  yi ■ a Z  xi - nb = 0 
i = l i = 1
(8)
n n
i » 1 i = 1
(9)
Solving equations 5 and 9 simultaneously yields,
n n n
n Z  V i  - Z  yi Z  xi
a =
i = 1 i = 1 i = 1
n
» Z  x? 
i = 1
n
z
i = 1
x.
n n n n
■b =
Z  yi z x? 
i = 1 i = 1
Z  xi Z  V i  
i = 1 i = l
n
» Z  xi 
i = 1
r n
Z xi 
i = 1
~l 2
By expanding the above concept, the coefficients of other 
mathematical expressions can be attained; e.g., exponential curves, 
second order curves, etc.
Questions regarding the type of curve which best describes a 
given set of data are usually solved by attempting approximations of 
several equations and applying statistical tests of "goodness of fit." 
Among the more commonly used are such tests as chi-square and the 
correlation coefficient (84).
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Computer Programs
Digital computer programs were written to facilitate the 
calculations for the least squares methods. The information required 
by the computer as input data consisted of the number of sets of x,y 
pairs and the values of x and y, which were usually read into the 
memory of the computer as two one-dimensional vectors or as a one 
two-dimensional matrix.
The output consisted of the coefficients of the equation, 
values of x and y, theoretical values of y, the difference between the 
observed and theoretical values, and the computer evaluation of chi- 
square and the correlation coefficient. Listings of the programs 
(FORTRAN) for first-order and second-order least squares approx­
imations are included in this section.
C ROUTINE TO FIT A FIRST ORDER 1ST. SQUARES LIKE Y=AX+B
C THIS PROGRAM WAS WRITTEN FOR USE WITH THE CONTROL DATA
C 160 DIGITAL COMPUTER
C DATA SHOUID BE: N,X,Y,E{NUMBER PER POINT)
1 FGRMAT(I6/(3F20.8))
2 FGRMAT(9X, 3H; A; , 8x, 3H; B; )
3 FORMAT( /8X, 3H; X; , 8X, 3Hj Y; , 8x, ^ HYHAT, 8X, 8HY; - j  YHAT,
.8X,3H;N;,8X,3H;T;,8X,3HGWU/)
4 F0RMAT(/8X,3H;R;)
5 FORMAT(/8X,5HCHISQ)
6 FORMAT(7F12.k)
DIMENSION DATA(50,3)
C INPUT DATA
100 READ 1,N,((DATA(I,J),J=1,3),I=1,N)
PUNCH 2
SUMX=0
SUMX2=0
SUMY=0
SUMXY=0
SUMY2=0
CHISQ=0
B0W=0
C COMPUTE COEFFICIENTS
DO 10 1=0., N 
SUMX=SUMX+DATA(1,1)
SUMX2=SUMX2+(DATA( 1,1) »DATA(I,1))
SUMY=SUMY+DATA( 1,2)
SUMY2=SUMY2+DATA( 1,2) 'DATA( 1,2)
10 SUMXY=SUMXY+(DATA(l,l) *DATA(I, 2))
XBAR=SUMX/N 
VARX=SUMX2/N-XBAR *XBAR
BIGA=( (N'SUMXY)-(SUMX*SUMY))/( (N'SUMX2) -(SUMX'SUMX)) 
BIGB=((SUMY*SUMX2)-(SUMX*SUMXY))/((N'SUMX2)-(SUMX'SUMX)) 
C OUTPUT COEFFICIENTS
PUNCH 6, BIGA,BIGB 
PUNCH 3
C COMPUTE CHI-SQUARE, CORRELATION COEFFICIENT, AND APPLY
C THE t TEST
DO 20 1=1,N
GWINE =BI GA * DATA (1,1)+BIGB 
TWINE=DATA( 1,2)- GWIME 
TWINE=ABSF( TWINE)
BRINE=TWINE 'TWIME/GWINE 
CHISQ=CHISQ+BRINE 
BOW=BOW+TWINE 'TWINE
s y x=s q r t f (bow/n )
T = n m m  *sqrtf(data(i,3)-2)/(syx*sqrtf( ( (data(i,3)+i) 
•+(data(i,i)-xbar) ' *2)/varx) )
GNU=DATA( 1, 3) -2 
C OUTPUT DATA
20 PUNCH 6,DATA( 1,1) ,DATA{ I, 2), (MINE,TWINE,DATA{I, 3), T, GNU 
PUNCH 5 
PUNCH 6,CHISQ
R=SUMXY/SQRTF( SUMX2 »SUMY2)
PUNCH S,R
PAUSE 5440
GO TO 100
EM)
EM)
PUNCH 4
T9
C ROUTINE TO FIT A SECOND ORDER 1ST. SQ. LIKE Y=^+EX+CX2
C THIS PROGRAM WAS WRITTEN FOR USE WITH THE CONTROL DATA
C 160 DIGITAL COMPUTER
C DATA SHOULD HE N,X,Y,E( NUMBER PER POINT)
1 FQRMAT(l6/(3F20.8))
,8X,8HY;YHAT,
5 FCRMAT(7F12.4)
6 FQRMAT(/8X,5HCHISQ)
DIMENSION DATA(50,3)
C INPUT DATA
100 READ 1,N,((DATA(I,J),J=1,3),I=1,N)
SUMX=0
SUMY=0
SUMX2=0
SUMY2=0
SUMX3=0
SUMXU=0
SUMXY=0
SUMX2Y=0
CHISQ=0
B0WW=0
c COMPUTE COEFFICIENTS 
DO 10 1=1, N 
SUMX=SUMX+DAIA(1,1)
SUMY=SUMY+DATA( I, 2)
SUMX2=SUMX2+(DATA( 1,1) «DATA(l,l))
SUMT2=SUMT2+(DATA( I, 2) *DATA(I, 2))
SUMX3=SUMX3+(DATA( 1,1) ’DATA(I,1) *DATA(I,1))
SUMX4=SUMX4+(DATA( 1,1) ’DATA(1,1) 'DATA(I,1) 'DATA(l,l)) 
SUMXY=SUMXY+(DATA( 1,1) 'DATA(I,2))
10 SUMX2Y=SUMX2Y+(DATA( 1,1) *DATA(l,l) *DATA(I,2))
XBAR=SUMX/N
12 DENCM=N' (SUMX21SUMX4 -SUMX3' SUMX3) -SUMX * ( SUMX ‘SUMX^ -SUMX2' SUMX3)
. +SUMX2' (SUMX 'SUMX3-SUMX2 *SUMX2)
13 A=(SUMY' (SUMX2,SUMXJ+-SUMX3 'SUMX3) -SUMX’ (SUMXY'SUMXi+-SUMJC2Y,SUMX3) 
. +SUMX2 • (SUMXY 'SUMX3 -SUMX2Y 'SUMX2)) /DENQM
14 B=( N* (SUMXY tSUMX1+-StJMX2Y 'SUMX3) -SUMY1 (SUMX 'SUMX4-SUMX2 'SUMX3)
. +SUMX2»(SUMX 'SUMX2Y-SUMX2 'SUMXY))/DENCM
15 C=( N »(SUMX2 ‘SUMX2Y-SUMX3 'SUMXY) -SUMX»(SUMX 'SUMX2Y-SUMX2 'SUMXY)
. +SUMY * ( SUMX * SUMX3 -SUMX2 ’ SUMX2)) /DENOM
PUNCH 3
C OUTPUT COEFFICIENTS
PUNCH 5, A, B, C ■
VARX=SUMX2/N-XBAR *XBAR 
PUNCH 2 
DO 20 1=1,N
2 FQRMAT(/8X, 3H; X;, 8X, 3H; Yj , 8x, UffiffiAT 
. 8X, 3H; Nj, 8X, 3H; T; , 8x, 3HGNU/)
3 FCRMAT(8X,3H;A;,8X,3H;B;,8X,3H;C;)
4 FQRMAT(/8X,3H:R:)
8C
GWINE=A+3 'DATA.( 1,1) +C * (DATA( 1,1) «DATA( 1,1))
TWINE=DATA( 1,2) -GWIUE 
WINE=ABSF(TWINE)
BRINE=TWINE1TWINE/©TINE 
BHISQ=CHISQ+BRIKE 
B0WW=B0WW+TWINE'TWINE 
SYX^QRTF(BOWW/N)
T=TWINE 'SQRTF(DATA(l,3)-2)/(SYX *SQRTF( ((DATA( 1,3)+l)
.+(DATA(I,1)-XBAR)'*2)/VARX))
GNU=DATA( I, 3) -2 
C OUTPUT RESULTS FROM TESIS OF GOODNESS OF FIT
PUNCH 5,DATA(I,1) ,DATA(l,2), GWINE,TWINE,DATA(I,3) ,T, GNU 
PUNCH 6
PUNCH 5, CHISQ,
PUNCH 4
21 R=( N ‘SUMXY-SUMX 'SUMY)/SQRTF( (N'SUMX2-SUMX »SUMX) •
. ( N 'SUMY2-SUMX 'SUMY) )
PUNCH 5, R 
PAUSE 5440 
GO TO 100 
END 
END
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APPENDIX V
THE STANDARD ERROR OF THE RATIO OF TWO MEANS
The standard error is a measure of the uncertainty associated 
with a statistic. In the present studies, the standard error of the 
activity ratio is used to indicate the degree of dispersion of the 
data defining the activity ratio. The value of the standard error is 
dependent on l) the ratio of the two means, 2) the variances of the 
two means, and 3) the value of the denominator mean. The following 
definition, as put forth by Finney (85), was used:
/  2 2 2 
Standard Error = a / ^ Sn + R sd^ ’
*d
where R is the ratio of the two means, x, is the mean in the
a
2
denominator of the ratio, s^ is the variance of the denominator mean,
2
and sn is the variance of the numerator mean. The significance of 
the standard error is that it represents limits of a range within 
which 68$ of all ratios for the two means would be found.
Computer Programs
The computer program written to calculate the standard error 
required as input data xn, x^, sn, and s^. Generally, x^ was constant 
for several values of and was read into the computer, along with 
s^, only once at the beginning of the operation. The output data
were the values of the standard errors. A listing of this program 
(FORTRAN) is included for this section.
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c PROGRAM TO CALCULATE STANDARD ERROR OF QUOTIENTS 
c This program was written for use with the CONTROL DATA 160
c digital computer.
1 format (i 8, 2f 20.8)
2 format (2f 20.8) 
dimension bmean(io), sd(lO)
c input data
30 read 1, n, amean, std
read 2, (bmean(i), sd(i), i = 1, n) 
c compute data
var = std'std 
xbar = amean'amean 
do 100 i = 1, n 
r a bmean(i) j amean 
sd(i) « sd(i)'sd(i) 
sigma = (sd(i) + r ’r'var) / xbar 
sigma = sqrtf(sigma) 
c output data
100 punch 2, V, sigma 
pause 100 
go to 30 
end 
end
8k
APPENDIX VI 
STATISTICAL DECISION TESTS
In the studies presented, it was necessary to establish the 
confidence to be placed in observed differences between experimental 
points. Tests available from small sampling theory1 were applied to 
answer the following question: given mean 1 (x^), standard deviation 1 
(s^), mean 2 (x^), and standard deviation 2 (s^), is there a significant 
difference between x^ and x^? The approach used is a determination of 
the probability that x^ and x^ are derived from the same population;
i.e., they are the same. The problem may be treated as the testing 
of the hypothesis
Hq : x^ - x2 = 0 (no difference exists) 
against the alternative hypothesis
If Hq is correct but is rejected in favor of H^, a type I error is 
committed. If Hq is incorrect but is accepted instead of H^, a type II 
error is committed. Determination of the probability of committing a
type I or a type II error is the basis of statistical decision tests.
2
For means determined by 30 or less observations, Student's "t"
1Small sampling theory: That part of statistics which is concerned 
with data defined by 30 or less observations per point.
O
Student: A pseudonym used by W.S. Gosset, English chemist and 
brewer.
x^ > x^ is greater than x^).
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test for the difference of two means gives a statistic from which the 
probability, or level of significance (p), of committing a type I 
error can be obtained. Student's "t" is defined as
respectively. At a given level of significance, values of t are
The number of degrees of freedom reflects the confidence to be placed 
in t. Values of t for a given number of degrees of freedom and the 
corresponding levels of significance are listed in statistical 
tables (84).
If the observations defining one mean are much more dispersed 
than those defining the second mean, acceptance of Hq could be an arti­
fact resulting from the scattered data. Consequently, before 
Student’s "t" test is applied, it must be shown that the variances of 
the two means belong to the same population. This is determined by 
the P test (ratio test):
Here it is assumed that s^ is greater than s^; if this is not so, the 
reciprocal of F is used. If F is not sufficiently small as determined 
from statistical tables (84), Student’s "t" may not be valid.
where n^ and n2 are the number of observations for x^ and x^
weighted by associated degrees of freedom defined by n^ + ng - 2.
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Computer Program
The digital computer program written for Student's "t" test 
computed three confidence limits1 for the mean, values of F, and 
values of t. Tne input data for each experimental point consisted 
of the mean, standard deviation, number of observations, and three 
intergers defining the size of the confidence limits. In an 
interative process in which every mean was compared with every other 
mean, the values of F and t were computed. A listing of this program 
(FORTRAN) is included for this section.
Confidence limits: Ranges associated with a mean within which 
a certain percentage of the observations defining the mean would be 
found.
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c PROGRAM TO COMPUTE CONFIDENCE INTERVALS OF THE 
c MEAN, AND TO APPLY THE F AND t TES15 TO A 
c (SOUP OF MEANS
c This program was written for use with the CONTROL DATA 160
c digital computer.
10 format (6f 1^.6)
11 format (f 1^.6)
20 format (il7,3X,13HVALUE;OF;f;=;,flk.6/20X 
. 13HVAHJE; OF; t; =;, fib. 6/)
100 format (//20X,5HGR0UP,2X,i2//)
1 format (20X,31H90;PER;CENT;CONFIDENCE;INTERVAL/20X
. l^HUPPER; LIMIT; =; , f 14. k/20X, l^HLOWER; LIMIT; =},flk.k/)
2 format {/20X,31H95;PER; CENT;CONFIDENCE;INTERVAL/20X
. Ih-HUPPER; LIMIT; =; , fIk. U/20X,1^HIX)WER; LIMT T; =; , f lU. k/)
3 format (/20X,31H99;PER;CENT;CONFIDENCE;INTERVAL/20X
. Im-HUPPER; LIMIT; =;, tlk. U/20X, l^HLCWER; LIMIT; =; ,fl4.U/) 
dimension t{10), amean(lO), std(10), dn(lO)
999 read 11, E 
j = 1 
c input data
99 read 10, amean(j), std(J), dn(j), (t(i), i = 1, 3) 
punch 100, j 
n = 0
c compute confidence limits
do 101 i = 1, 3 
f = sqrtf(dn(j) - 1)
t m  t(i)'Std(j) / f
CU = amean(j) + f 
DU = amean(j) - f 
n = n + 1 
go to (5,6,7), n 
c output confidence limits
5 punch 1, CU, DU 
go to 101
6 punch 2, CU, DU 
go to 101
7 punch 3, CU, DU
101 continue
pause 100
if(j - E) 98, 103, 103 
98 j = j + 1 
go to 99
103 pause
k a j - 1 
c compute F and t
104 do 111 i = 1, k 
punch 100, i
L = i + 1 
do 110 n a L, j 
F = std(n)*'2 / std(i)'*2 
if(F - 1) 200, 201, 201
200 F = l./F
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201 cap = (dn(n) 'dn(i) '(dn(n) + dn{i) - 2)) / (dn(n) + dn(i)) 
cap = sqrtf(eap)
dap = dn(n)’std{n)**2 + dn(i)'std(i)**2 
dap = sqrtf(dap) 
bap = cap / dap 
tj = (amean{n) - amean(i)) *bap 
c output F and t
110 punch 20, n, F, tj
111 pause 777 
pause 111 
go to 999 
end
end
group of samples, the mean and standard deviation of the group were 
computed. Since the data were occasionally heterogenous, an 
elimination process was included in the program based on the 
comparison of the absolute value of the deviation of the specific 
activity of a sample from the mean with an interger multiple of the 
standard deviation (for the computations in these studies, three 
times the standard deviation was customarily used as the interger 
multiple). If the deviation exceeded the multiple of the standard 
deviation, the datum was eliminated from the array in memory. Once 
the elimination process was completed, the mean and standard deviation 
the specific activities were recomputed.
The output from the computations consisted of (l) the time 
for the pre-set counts, (2) the counting rate in counts per minute,
(3) the optical density, (4) the D M  content of the sample in 
milligrams, and (5) the specific activity. Also included were the 
computations from the elimination process and the means and standard 
deviations of the specific activities and D M  contents of the group.
9C
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APPENDIX VII 
COMPUTER PROGRAM FOR SPECIFIC ACTIVITIES
This program (FORTRAN) was designed to (l) calculate the 
specific activities of a group of unknown samples, (2) determine the 
mean and standard deviation of the group, (3) eliminate heterogenous 
data, and (4) recompute the mean and standard deviation of the data 
not eliminated.
Before the actual computation of the specific activities could 
proceed, certain information was required by the computer; this 
information was: (l) the pre-set number of counts taken (this was 
constant throughout a group of samples); (2) a factor correcting for 
the decay of the isotope (which for tritium is negligible but gives 
added vesitility to the program); (3) contribution of background 
radiation to the counting rate; (4) a dilution factor; (5) information 
necessary for the elimination of heterogenous data; and (6) the 
coefficients of the equations for tritium self-absorption and the 
DNA standards (appendices II and III).
The input data for the calculation of a specific activity 
consisted of (l) the time required for the pre-set number of counts, 
(2) the optical density of the sample, and (3) the weight of the 
sample. By programmed computations, the counting rate was calculated, 
corrected for self-absorption, and divided by the DNA content to give 
the specific activity in terms of counts per minute per milligram 
of DNA. After the specific activities had been determined for a
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c PROGRAM FOR SPECIFIC ACTIVITIES J.L. Sanders
c This program was written for use with the CONTROL DATA 160
c digital computer.
10 format ( lOf 10.4)
20 format (3f 10.4)
25 format (12X,9HC0UMS;=; ,f 14.4/12X 
.13HBACKGR0UND;=; , f 14.4/)
30 format (12X, 4HTIME, 9X, 3HCPM, 13X, 5HaD600 
.10X,2HMg,16X,17HSPECIFIC;ACTIVITY/)
27 format (//47X,5H®OUP,2X,i2//)
35 format (i 8)
40 format (i 3,4f l4.4,l4x, f 14.4/)
50 format (//,12X,7HMEAN;=;,flO.4,10X,
.21HSTAKDARD;DEVIATION;=;,flO.4//)
6° format (15X,17i3SPECIFIC;ACTIVITY,l6x,4HDEVl/)
70 format (i 8, f 20.4, 6x, f 20.4)
80 format (12X,14HUPPER;LIMIT;=;,fl4.4/12X 
.14HL0WER;LIMIT;=;,f14.4//) 
dimension z(20), xg(20) 
c input data required for computation of specific activities
read 10, c, d, bkg, h, dilmg, al, a2, bl, b2, b3 
d = l./d 
pause 77 
J = 1
c compute specific activities
90 read 35, n 
punch 27, j
«J = 0 + 1
punch 25, c, bkg 
punch 30
do 100 i = 1, n 
read 20, t, od, wt 
cpm = c/t »d 
cpn = cpm - bkg 
corfac = bl'wt’wt + b2*vt + b3 
cpm = cpm*corfac 
if(cpm) 15, 15, 18
15 pause 101 
cpm s .1 
18 xg(i) = al'od + a2 
xg(i) = xg(i)'dilmg 
spact = cpm/xg(i) 
z(i) = spact
100 punch 40, i, t, cpm, od, xg(i), spact
c compute mean and standard deviation of specific activities
c and milligrams
201 sum = 0
sumxg = 0 
do 110 i = 1, n 
sumxg = sumxg + xg(i)
110 sum =s sum + z(i) 
amean = sum/n
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c
c
c
xbar = sumxg/n 
sum = 0 
sumxg = 0 
do 120 i =1, n
sumxg = sumxg + (xg(i) - xbar) ‘ *2 
120 sum s sum + (z(i) - amean) ''2  
std = sum/n 
std = sqrtf(std) 
stdxg = sumxg/n 
stdxg = sqrtf(stdxg) 
punch 50, amean, std
compute MEAN and DEVI and eliminate all elements of the z 
array which cause a value of DEVI to be greater than h times 
the standard deviation 
k = 0 
punch 60 
do 130 i = 1, n 
bmean = absf(z(i) - amean) 
devi = bmean - h ’ std 
if (devi) 130, 130, 17 
17 z(i) = 0  
k = k + 1 
130 punch 70, i, z(i), devi
recompute the mean and standard deviation of the specific 
c activities F ■LO
L = n - k 
sxim = 0
do lUo i = 1, n 
14-0 sum = sum + z(i) 
amean = sum/L 
sum = 0
do 150 i = 1, n
if (z(i)) 97, 150, 13
13 sum = sum + (z(i) - amean) 1 *2 
150 continue
std = sum/L 
std = sqrtf(std)
CU = amean + std 
DU = amean - std 
c output data
punch 50, amean, std 
punch 80, CU, DU 
punch 50, xbar, stdxg 
CU = xbar + stdxg 
DU = xbar - stdxg 
punch 80, CU, DU 
pause 100 
97 pause 13 
go to 90 
end 
end
